Although rising global sea levels will affect the estuarine flooded areas over the coming decades, the local and regional-scale processes will also induce important changes in these coastal systems. The main aim of this work is to investigate possible tidal changes in estuarine systems induced by local geomorphologic modifications, analysing the particular case of Ria de Aveiro which is in risk of inundation. Located in the Portuguese west coast, this tidally driven lagoon has a large area of mostly abandoned salt pans, which are in progressive degradation caused by the lack of maintenance and by the strong currents which erode their protective walls.
Introduction
Coastal environments occupy one of the most dynamic interfaces on Earth, at the boundary between land and open sea, and support some of the most diverse and productive habitats. Around the world, these systems experience the increased rates of changes in their geomorphology especially due to coastal erosion which is, amongst others, attributed to rising sea levels, the reduced amount of sediment delivery to the coast as well as the anthropogenic degradation (Alves et al., 2009; Santos and Miranda, 2006) . These pressures together, make these coastal systems more vulnerable to risks of flooding and therefore to an increase of their flooded areas.
Besides the previously referred factors, an important aspect concerning the possible enlargement of the flooded areas lies in the lack of conservation and maintenance of the coastal systems.
Therefore, although rising global sea levels is an important factor determining the estuarine flooded areas, the local and regionalscale processes (some of them of anthropogenic origin) will also induce changes in coastal systems. Tidal propagation in this kind of environments depends strongly on their geomorphologic configuration. Changes in tidal propagation influence the sediment balance in the systems, and therefore modify their potential to export sediment and consequently their morphology. Since these changes are not fully understood, it is important to investigate how these local processes will affect the dynamic of the coastal systems.
The poor conservation and maintenance is common to a large number of coastal areas. About 75% of global salt pans are located in northern and central Mediterranean countries, Spain, Greece, Italy, France and Portugal (Crisman et al., 2009) , with a large number of them located inside estuarine systems. However, the production of salt is declining, as a consequence of the low profitability of the sector. Some of the salt pans completely disappeared due to the drastic change in land use (industrialization and urbanization). Other abandoned salt pans were replaced by aquaculture tanks, or have gradually degraded as a result of solid waste disposal, or simply due to the lack of maintenance. The abandonment and consequent degradation of the salt pans could contribute to the erosion, provoke bathymetric and geometric changes and could increase the flooded areas of some coastal systems.
The Ria de Aveiro (Fig. 1) , a mesotidal lagoon located on the Northwestern Portuguese coast, is characterized by a large number of mostly abandoned salt pans, which are in a progressive degradation process due to the lack of maintenance and to the strong currents occurring in the nearby channels which erode their protective walls.
Inspite of the importance of evaluating tidal changes induced by geomorphologic modifications, only one previous work focusing on Ria de Aveiro tidal changes was found (Araú jo et al., 2008) and only a few were found about its tidal asymmetry (Dias, 2001; Lopes et al., 2006; Oliveira et al., 2006a; Araú jo et al., 2008) . However the influence of local geomorphologic modifications, namely the study of flooding scenarios in this lagoon was never investigated. Moreover, the number of studies found about tidal changes induced by geomorphologic modifications at worldwide estuaries or lagoons is very scarce (e.g. : Harvey, 1988; Malhadas et al., 2009) .
Araú jo et al. (2008) reported an average increase of 0.245 m in M 2 amplitude and 17.41 decrease in M 2 phase in the Ria de Aveiro, over 16 years (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) . They investigate the causes of these changes through a sensitivity analysis of the response of the main tidal constituent, M 2 , to variations in: lagoon surface area, inlet channel depth and bottom friction. The results confirm that the changes in the bathymetry of the inlet channel are the most significant contribution to the tidal changes observed. However, they also revealed that significant changes in tidal characteristics may be expected in response to changes in the lagoon surface area.
Concerning tidal asymmetry, Dias (2001) and Lopes et al. (2006) characterized the first half of the main channels of the Ria de Aveiro lagoon as ebb dominant and the second half as flood dominant. The results from Oliveira et al. (2006a) confirm this pattern, showing differences between ebb and flood durations revealing that the system shifts from mildly ebb dominant at the mouth to strongly flood dominance in the upper reaches of the lagoon. Araú jo et al. (2008) reported that during 1987/1988, the majority of the lagoon was flood-dominant, and that since then the central section of the lagoon has become ebb-dominant, whilst the northern and southern sections remain flood-dominant. All these studies show that the ratio between the amplitudes of the M 4 and the M 2 , regarded as a measure of tidal asymmetry, is very small near the lagoon mouth increasing along the channels. Harvey (1988) showed that the reduction of the flooded area associated with the construction of a dam in Murray estuary led to a significant decrease in tidal prism. Malhadas et al. (2009) investigate the effect of bathymetric changes on tidal propagation and residence time (RT) in the Ó bidos Lagoon. The results revealed that tidal propagation strongly depends on bathymetric configuration and also suggest that dredging operations and the relocation of the inlet may increase the tidal prism of the lagoon leading to a reduction of the RT in its central area.
Thus, the main aim of this paper is to investigate the effect of geomorphologic changes on tidal propagation in estuarine systems, through the analysis of the Ria de Aveiro which is at risk of flooding. In this situation the changes are associated with the collapse of the salt pans walls that increase the flooded area and may affect the overall lagoon's hydrodynamics and the bottom morphology in unknown ways that must be clarified.
To evaluate the impact of geomorphologic changes in Ria de Aveiro, which may be generalized to other similar systems, several possible future scenarios were simulated, in which salt pans walls destruction was assumed. These simulations were performed with the shallow water numerical model ELCIRC (Zhang et al., 2004) , whose implementation and calibration is also described in this study.
The study area
The Ria de Aveiro (40138 0 N, 8144 0 W) (Fig. 1 ) constitutes a very important coastal system in the Portuguese west coast, with an adjacent area of about 250 km 2 . It is the most extensive Portuguese lagoon system and the one most dynamic in terms of physical and biogeochemical processes. The system is characterized by a large number of channels between which lie significant intertidal areas, essentially mudflats, salt marshes and old salt pans. The evolution of the Ria de Aveiro during the 20th century has been characterized by the erosion of these intertidal areas and widening of most channels. These changes, together with other anthropogenic contributions, are believed to have modified the tidal dynamics of the system, making it more vulnerable to risks of flooding and to sea level rise (da Silva and Duck, 2001) .
The lagoon has a maximum width of 10 km and its length measured along the longitudinal axis is 45 km (Dias and Lopes, 2006a, b) . The average depth of the lagoon relative to the mean sea level is about 3 m, although the inlet channel can exceed 28 m deep, due to dredging operations that are frequently carried out to allow the navigation. Due to the small depth and to the significant tidal amplitude there are zones, especially along the borders of the lagoon and in its central area, which are alternately wetted and dried during each tidal cycle.
The Ria de Aveiro is connected to the sea by a 350 m wide inlet, fixed by two jetties. Despite these maritime structures, important morphological changes have occurred in this area. Until recently, the Aveiro Harbour Administration has regularly dredged the sand that accumulates at the inlet due to the southward littoral drift along the West Portuguese coast. Recent bathymetric surveys reveal erosion at the entrance channel close to the north jetty, and sand deposition close to the south jetty (Plecha et al., 2007) .
The tides at the mouth of the lagoon are predominantly semidiurnal (M 2 constituent dominance), with a mean tidal range of about 2.0 m. The minimum tidal range is 0.6 m (neap tides), and the maximum tidal range is about 3.2 m (spring tides), corresponding to a maximum and a minimum water level of 3.5 and 0.3 m, respectively (Dias et al., 2000) .
The major fluvial input comes from the Vouga (50 m 3 s À 1 average flow) and Antuã rivers (5 m 3 s À 1 average flow). The Vouga River contributes with around 2/3 of the freshwater entering the lagoon (Moreira et al., 1993; Dias et al., 1999) . However, river flows into the lagoon were neglected, because the total mean fresh water discharge into the lagoon during a tidal cycle is about 1.8 Â 10 6 m 3 (Moreira et al., 1993) while the tidal prism is 137 Â 10 6 m 3 for maximum spring tide and 35 Â 10 6 m 3 for minimum neap tide (Dias et al., 2000) . The Ria de Aveiro is vertically homogeneous during dry seasons, but stratification becomes important near the freshwater inflow locations after important rainfall (Dias et al., 1999; Vaz and Dias, 2008) . A small artificial headland (Triângulo Divisor das Correntes) divides the entrance channel in two different arms, separating the tidal prism of an incoming tide in two flows: a small one flowing into the Mira channel and a second more important one flowing to the S. Jacinto, Espinheiro and l´lhavo channels. The tidal prism in each of the main channels relative to its value at mouth is about 35% for the S. Jacinto channel, 26% for the Espinheiro channel, 10% for the Mira channel and 14% for the l´lhavo channel (Dias et al., 2000) . The salt pans of Aveiro occupies about 15 km 2 , but many of them are now abandoned or replaced by aquaculture tanks, as a consequence of the low profitability of the sector. Due to the lack of maintenance of the abandoned salt pans, their protective walls are destroyed by the strong currents inside the lagoon as well as by the vessels' wake waves. As this destruction will result in a significant increase of the flooded area in Ria de Aveiro, it may affect the overall lagoon's hydrodynamics and the bottom morphology in unknown ways. The number of active salt pans steadily decreased from 500 in the 15th century to 270 fifty years ago, and only eight remaining presently. The salt pans currently occupy the marsh areas and only a few are accessible by land.
The salt field of Aveiro is divided into five groups: S. Roque, Sul, Mar, Norte and Monte Farinha (Fig. 2) . Due to its large extension, it was impossible to perform a comprehensive study of all salt pans. Therefore, this work focuses on the Mar group and the southern part of the Norte group that are the most vulnerable to strong currents.
Methodology
A previous ELCIRC model implementation to Ria de Aveiro (Oliveira et al., 2006a) was refined and then applied in this investigation. Due to the low resolution of the horizontal grid developed by those authors for the narrow channels around the salt pans, the grid was considerably improved in this study, adding and refining several channels, mainly in the central area of the lagoon, where salt pans are located (Fig. 3) .
The present analysis combines recent field data with numerical models. First, water level data were used to calibrate the hydrodynamic model. Afterwards the bathymetry configuration scenarios were established and used in the detailed, numerically based hydrodynamic analysis.
The model calibration was performed at 14 stations (A-N) within the lagoon (Fig. 1) , with a depth-dependent Manning coefficient (Table 1) , whose values were based on the ones presented by Dias and Lopes (2006a, b) . The Manning values were locally adjusted until the model outputs reproduce accurately the field data.
In order to evaluate the influence of the new bathymetry in the model's ability to reproduce the Aveiro lagoon hydrodynamics as well as the model's accuracy, comparisons between the model results obtained in this work, those obtained by Oliveira et al. (2006a) and the field data were performed.
Afterwards, the hydrodynamic model was used to characterize the response of the lagoon hydrodynamics to the increase of the flooded area and volume, due to the salt pans walls collapse. Therefore, a new grid was generated representing the flooding of the Ria de Aveiro central area (Fig. 4) . The inundation was achieved through the partial collapse of the degraded salt pans walls, whose dimensions are in accordance with the ones presented in INTERREG III B (2008) and with satellite images. For lack of information on the depth of the salt pans, a sensitivity analysis to this depth was performed. This depth was set to 1 and 3 m below to the mean sea level (i.e., À 1 and 1 m relative to the local chart datum). To evaluate the impact of the changes in the total area and volume in a system like Ria de Aveiro, the model ELCIRC was run for the present bathymetry and for both case studies. The evaluation was performed through the analysis of tidal currents, tidal prism and tidal asymmetry.
Field data
Data available for this study are from two distinct field campaigns, from 2003 and 2006. Sea surface elevations were collected hourly, during a tidal cycle, very close to the salt pans area under analysis, in the framework of SAL project-Sal do Atlântico (UE-INTERREG III B Espac -o Atlântico, [2004] [2005] [2006] [2007] , at stations I, J and K (Fig. 1 ). Sea surface elevations at the other eleven stations were measured during a month every 6 min, except at Torreira, where measurements were performed every half-hour. These data were collected in the framework of the Ph.D. Thesis of Araú jo (2005) .
The bathymetric data ( Fig. 1 ) available for this study were collected in a general survey carried out in 1987/1988 by the Hydrographic Institute of Portuguese Navy (IH). Because dredging operations were performed in 1998 in the Mira and the S. Jacinto channels, and due to the morphological changes at the inlet channel previously reported data from recent surveys performed by the Aveiro Harbour Administration close to these areas were used to update the bathymetric database in these regions.
Hydrodynamic model 3.2.1. Model description and setup
ELCIRC (version 5.01.02g) is a model designed for the effective simulation of three-dimensional baroclinic circulation across river-to-ocean scales. The model ELCIRC uses a finite-volume/ finite difference Eulerian-Lagrangian algorithm to solve the shallow water equations, written to realistically address a wide range of physical processes and of atmospheric, ocean and river forcings (Zhang et al., 2004) .
Although ELCIRC is a fully 3D baroclinic model, it was used herein in barotropic mode and with a single vertical layer. Due to the shallow depths and minor freshwater inputs to the Ria de Aveiro, its circulation can adequately be simulated with a depthaveraged model.
The depth-integrated equations solved in this model express the conservation of mass and momentum:
where H(x,y) ¼h(x,y)+Z(x,y,t) is the total water depth, Z(x,y,t) is the surface water elevation, h(x,y) is the water depth, g is the acceleration of gravity, t is the time, U and V are the depthaveraged velocity components in the x (eastward) and y (northward) directions, r is the water density, e is the horizontal eddy viscosity, t x and t y are the bottom stress according to each horizontal direction and are defined in the following form:
where C D is the drag coefficient and r is the reference density.
Wind stress was not considered. The drag coefficient is computed with a Manning law, i.e.:
where n is a space-dependent Manning coefficient. Eddy viscosity is neglected, as the horizontal grid resolution is considered sufficient to resolve the relevant scales. The numerical algorithm of ELCIRC used a semi-implicit scheme. The barotropic pressure gradient in the momentum equation and the flux term in the continuity are treated semiimplicitly, with implicitness factor 0.5 ryr1. According to Casulli and Cattani (1994) this ensures both stability and computational efficiency. Flexibility in discretizing complex bathymetries and geometries, like in the Ria de Aveiro, is achieved through unstructured grids in the horizontal plane.
The Ria de Aveiro was discretized with a horizontal grid with an area of about 210 km 2 , 94 352 triangular elements and 71 996 nodes. The hydrodynamic model was forced by fourteen harmonic
, MS 4 and M 6 ) taken from the regional model of Fortunato et al. (2002a) , and freshwater input was neglected. The time step was set to 90 s to prevent the appearance of oscillations due to wetting and drying.
Hydrodynamic model calibration
The hydrodynamic model calibration was performed at 14 stations within the lagoon, with a depth-dependent Manning coefficient (Table 1) . The Manning values were based on the ones presented by Dias and Lopes (2006a, b) and were locally adjusted until the model outputs agreed satisfactorily with the field data. Since Ria de Aveiro has a very complex geometry, with depths varying between À 2 m in the intertidal zones and approximately 30 m in the navigation channel, is deemed important that the Manning values were adjusted to the local characteristics and therefore vary with depth.
The hydrodynamic model was forced in the oceanic boundary by tides only, so in order to compare model results with measurements, the low frequency signal was removed from the data, using a cut-off frequency of 0.0000093 Hz (30 h). For consistency, the same filter was applied to the model results.
The methodology used herein, and based on several studies (Dias et al., 2009; Oliveira et al., 2006b ), for models calibration in estuarine systems dominated by tides is performed mainly in the high-frequency domain, once it is the dominant signal intended that the models reproduce with great accuracy. Moreover, the Ria de Aveiro is mainly forced by tides, being the atmospheric local effects important only during short periods and in reduced areas (Dias et al., 1999; Dias and Fernandes, 2006) . The non-local atmospheric effects induce the meteorological tide that consists in an additional elevation to the astronomical tide that can be considered at the ocean boundary condition, and therefore is well reproduced by the model. Initially, the calibration was performed by comparing model results with observed sea surface elevation (SSE) (see comparison for 2 of the stations in Fig. 5 ). The visual comparison between the predicted and observed SSE reveals model's ability to reproduce the data.
The calibration was assessed for skill through the determination of the root mean square errors (RMSE) and the predictive skill at each station, as well as through the comparison of the harmonic constants determined from the model and the data at 11 stations.
According to Dias et al. (2009) , the RMS errors should be compared with the local tidal amplitude. If they are lower than 5% of the local amplitude, the agreement between model results and observations should be considered excellent. If they range between 5% and 10% of the local amplitude the agreement should be considered very good.
The model predictive skill is based on the quantitative agreement between model results and observations (Warner et al., 2005) . Perfect agreement between model results and observations would yield a skill of one and complete disagreement would yield a skill of zero. Skill values higher than 0.95 indicate an excellent agreement between model results and observations (Dias et al., 2009) .
The RMS errors and the skill were computed for each station and are summarized in Table 2 . RMSE values range from 8% to 10% of the local amplitude for the stations A, B, E, F, I and K, and therefore the predictions are considered very good. However, RMS errors exceed 10% of the local amplitude at the other stations.
An RMS error of about 10 cm was found for the station located at the lagoon mouth (station A), i.e., around 5% of the local mean tidal range. The best model results were obtained for the stations closest to the lagoon's mouth (e.g. station B with a RMSE of about 9 cm) and the highest disagreements were found for stations G, H, L and M with RMS errors around 15% of tidal range and with skill values lower than 0.95.
The errors found may be partially attributed to small inaccuracies on the tidal forcing on the ocean open boundary, to the deficient representation of the very narrow channels in the horizontal grid, to possible inaccuracies in the bathymetry as well as to possible uncertainties in the field data.
The RMSE and skill results are similar to those obtained for other coastal systems in Portugal, based on the use of ELCIRC and other hydrodynamic models (Oliveira et al., 2006b, c; Fortunato et al., 1999 Fortunato et al., , 2002b Dias and Lopes, 2006a, b; Dias et al., 2009 ).
There is a large disadvantage on the direct comparison of RMSE and skill errors, since phase and amplitude errors are considered together. In addition, tidal asymmetry, which will be analysed below, is mostly determined by the relative importance of the major constituent (M 2 ) and its first higher harmonic (M 4 ). Thus, harmonic analysis was done for both predicted and observed SSE in order to quantify separately the amplitude and phase differences for all stations, with exception of I, J and K stations because the available data for these stations only have the duration of 11 h. This procedure was performed using the t_tide matlab s package of Pawlowicz et al. (2002) . Distributions of tidal amplitudes and phases for the major tidal constituents (M 2 , S 2 , O 1 , K 1 and M 4 ) in the Ria de Aveiro are presented in Fig. 6 . The agreement between predicted and observed values is good both in amplitude and in phase for the semidiurnal constituents, which are the major tidal constituents in Ria de Aveiro. For the major constituent (M 2 ), the mean difference between predicted and observed amplitudes is about 10 cm. This value was amplified by the errors found for stations G, H and L that present a mean difference of about 16 cm. If the values for these stations are not considered, the mean difference between predicted and observed amplitudes is about 4 cm.
For the S 2 constituent, the mean difference between predicted and observed amplitude is about 3 cm. In fact, the model results represent the amplitude of the S 2 , at the stations G, H and L, more accurately than the amplitude of M 2 , which reduces the S 2 amplitude mean difference.
The mean phase difference for both semidiurnal constituents is about 121, which means that the average delay between the predicted and observed tide is about 24 min. This delay is larger than was expected, mainly due to the phase difference at stations L and M. At station L the phase difference is approximately 141 (29 min) for both semidiurnal constituents and at station M the phase difference is approximately 401 (60 min) for the M 2 constituent and 401 (80 min) for S 2 .
The results for the diurnal constituents (O 1 and K 1 ) can also be considered good at all stations, but reveal a worse agreement between model predictions and data. For instance, it was found an amplitude error of about 25% at station G and about 43% at station M for O 1 constituent. For K 1 constituent the major amplitude error was around 45% at stations D and H.
The M 4 constituent was not simulated with the expected accuracy (Fig. 6) . The errors found in the M 4 reproduction may be due to bathymetric errors that cannot be corrected by the adjustment of the friction coefficient. The relatively large errors associated with M 4 are not surprising, as overtides are typically much more difficult to reproduce correctly than the major astronomic constituents. In this particular case, the correct reproduction of overtides is further hampered by the changes in bathymetry over the years, which significantly affect tidal propagation. For M 2 , an average increase of 0.245 m in amplitude and an average decrease of 17.41 in phase were observed over 16 years (Araú jo et al., 2008) . Since there is a discrepancy of about 16 years between the bathymetric and the tidal data used herein, similar discrepancies should be expected between the tidal data and the model results. While these discrepancies are partially mitigated by the calibration for the major constituents, non-linear constituents are affected by friction differently, and therefore do not match the data as well. Still, as the M 4 constituent is generated through the advective and finite amplitude terms, which are correctly represented by the model, the results for M 4 constituent are expected to be realistic enough to reproduce tidal asymmetry.
In order to evaluate the influence of the new bathymetry developed in the frame of this study in the model's accuracy in reproducing the Ria de Aveiro hydrodynamics, some comparisons between the model results obtained in this work and those obtained by Oliveira et al. (2006a) were performed. Thus, the amplitude and phase of the M 2 , S 2 , K 1 , O 1 and M 4 constituents were compared at several stations within the lagoon (Fig. 6) . Generally, the new bathymetry reproduces the lagoon hydrodynamics better than the bathymetry used by Oliveira et al. (2006a) in the central area of the lagoon. Otherwise, in the upper stations, for instance, for the M 4 constituent the results obtained by Oliveira et al. (2006a) are more accurate. Therefore, the results suggest that the limitations in the bathymetry may affect the model's accuracy in reproducing the lagoon hydrodynamics.
Results and discussion

Model-based hydrodynamic analysis
Model results were compared for simulations conducted for three geomorphologic configurations, which represent the system under different conditions: present bathymetry and bathymetries representing the salt pans walls collapse, as represented in Fig. 4 . Two tests were performed regarding to the flooded depth: the depth was set to 1 and 3 m below the mean sea level, in order to study the lagoon hydrodynamics sensitivity to changes in the volume of the flooded area. The total area and volume of the entire lagoon below the mean sea level for the bathymetries studied are quantified in Table 3 .
Possible changes in the lagoon hydrodynamic regime, due to geomorphologic changes, are evaluated in the next sections. This evaluation is performed through the analysis of the tidal currents, the tidal asymmetry along the axis of the main channels of the lagoon and the tidal prism for several cross-sections along the lagoon, determined for each simulation.
Tidal currents
In this section, the response of the magnitude of flood and ebb velocities to geomorphologic changes in the lagoon central area is evaluated.
The velocities are represented near the lagoon mouth on maximum flood and ebb at spring tides, for the present bathymetry and for the two flooded depth tests projected (Fig. 7) . In Fig. 8 the differences between the velocity of the two depth tests and the present bathymetry are represented for the same period represented in Fig. 7 . Thus, the positive values indicate that the velocity of the depth tests is greater than the velocity of the present bathymetry. Conversely, negative values indicate a lower magnitude of velocity for the depth tests.
Generally, for all the configurations the model results show that velocities are systematically stronger on ebb than on flood, revealing ebb-dominance of the central area of the lagoon.
Model results indicate that the tidal velocities increase from the present configuration to the flooded cases. According to the model results, at spring tides, maximum ebb and flood velocities are 1.94 and 1.85 ms À 1 , respectively, for the present configuration, and 2.06 and 1.96 ms À 1 for both tests projected, which corresponds to increases of about 5-6% (Table 4) . At neap tides, near the lagoon inlet, the growth of the maximum velocities increases to about 6-14% for both tests. The largest differences of the magnitude of velocity are observed along the navigation channel and during the ebb (Fig. 8) . In the north area adjacent to the south breakwater, the differences are negligible, because this is a sheltered area with low velocities.
Velocities were also analysed for the entire lagoon, showing that the increase of the tidal currents with the expansion of the flooded area is enhanced near the flooded location. In conclusion, changes in the lagoon area induce higher velocities near the inlet, with the more significant increase on neap tides and near the flooded area. Model results also indicate that increasing the flooded depth from 1 to 3 m has little influence on the magnitude of velocities in the lagoon. In fact, the surface area of the lagoon relative to the cross sectional area of the channels does not change much and therefore great changes in the velocity fields are not expected.
Tidal asymmetry
Along much of the world's coastlines as well as in the Ria de Aveiro, the dominant astronomical constituent is M 2 , the semidiurnal lunar tide. Because of M 2 dominance, the most significant overtide formed in these well mixed estuaries is M 4 , the first harmonic of M 2 (Friedrichs and Aubrey, 1988) , which is generated primarily through the advective and finite amplitude terms. In the Ria de Aveiro, the amplitude of the M 4 constituent increases from the lagoon mouth upstream. The most important consequence of this growth is the differentiation of the ebb and flood durations, which is an indicator of an asymmetric tide.
A direct measurement of non-linear distortion, the M 4 to M 2 sea-surface amplitude ratio indicates the magnitude of the tidal asymmetry generated within the estuary. An undistorted tide has an amplitude ratio of zero. The larger the amplitude ratio, the more distorted the tide is, and the more strongly flood or ebb The amplitude and the phase of M 2 and M 4 tidal constituents were analysed for the Ria de Aveiro using model results, for the present bathymetry and for the one resulting from the salt pans walls destruction (including both depth tests).
According to the model results, an increase of the lagoon total area and volume leads to a decrease in the amplitude and an increase in the phase of the major tidal constituent, M 2 , along the Ria de Aveiro, in agreement with the sensibility analysis results performed by Araú jo et al. (2008) . For the M 4 constituent both amplitude and phase increase.
The amplitude ratio, the relative phase and the difference between ebb and flood durations were computed along the axis of the four main channels of the Ria de Aveiro. In Fig. 9 , these parameters are represented for the Espinheiro and the l´lhavo channels, in order to evaluate the tidal asymmetry, as well as the response of these parameters to an increase in the lagoon total area and volume. For the Mira and the S. Jacinto channels, the changes in these parameters are negligible (not shown). Because tidal levels exhibit very small variations across the channels, all these parameters were represented along the channels axis.
The amplitude ratio is very low close to mouth growing toward the upper reaches of the lagoon and the relative phase shows that the system shifts from ebb dominant at the mouth to flood dominant in the channels head. These results confirm the patterns found by Dias (2001) , Lopes et al. (2006) and Oliveira et al. (2006a) .
For the ebb-flood differences, the negative values indicate ebb duration lower than the flood one (ebb currents are higher than flood currents), which leads to ebb dominance. Conversely, positive values indicate flood dominance.
The relative phase of M 4 with respect to M 2 in the Espinheiro channel decreases with the expansion of the lagoon area and volume, indicating that the characteristics of the tidal asymmetry are changing along this channel. In fact, the increase of the lagoon area results in the decrease of the ebb-flood differences along the Espinheiro channel, which means that this channel becomes more ebb dominated (Fig. 9) .
At the beginning of the l´lhavo channel ( $ 6 km away from the lagoon mouth), ebb-flood differences decrease by about 12% with the 5.6% expansion of the lagoon area.
Furthermore, if the amplitude and phase of the major tidal constituent and its first harmonic change with the increase of the lagoon area, tidal asymmetry should also be affected.
Otherwise, differences between the tidal asymmetry parameters are negligible in these two channels when the flooded depth is increased from 1 to 3 m, indicating that the flooded depth has little influence in the tidal asymmetry pattern.
The results of ebb and flood currents obtained in the previous section corroborate the increase of the ebb dominance in the lagoon central area along the time, as was referred by Araú jo et al. (2008) . The enhancement of ebb dominance with the increase in the intertidal area is consistent with theoretical (Friedrichs and Aubrey, 1988; Fortunato and Oliveira, 2005) and numerical (Fortunato et al., 1999) evidence.
In summary, tidal propagation inside the lagoon depends strongly on the geomorphologic configuration. Changes in the geometry of the lagoon alter tidal propagation influencing net gain or loss of sediment to the system. In this situation, an increase in the total lagoon area results in an increase of the tidal currents, mainly on ebb, and modifies the tidal asymmetry pattern, leading to an increase of the ebb dominance, increasing the potential to export sediment.
Tidal prism
To further investigate the spatial distribution of tidal propagation and the relative importance of each channel, tidal prisms were computed at 15 cross-sections (Fig. 10 ) for the present configuration and for the configurations resulting from the salt pans walls collapse, including both depth tests. The tidal prism is evaluated herein as the volumetric flux passing through a cross-section in a flooding cycle. Clearly, the tidal prism depends not only on the location of the cross-section, but also on the tidal range. Simulations were performed for extreme spring and neap tides ( $ 3 and $ 0.7 m of tidal range at the lagoon mouth, respectively) as well as for an average tide ( $ 1.2 m of tidal range) and the results are depicted in Fig. 11 .
The relative reduction of tidal prisms from the inlet to the upper reaches of the lagoon follows a similar pattern for all the bathymetries studied. This pattern is in accordance with results obtained for other coastal systems, as for instance for the Ó bidos lagoon (Oliveira et al., 2006b) .
Results show that the magnitude of the tidal prisms also depends heavily on the geomorphologic configuration. The increase of the lagoon area, resulting from the large number of salt pans with their walls destroyed, enhances the tidal prism in the Ria de Aveiro. According to the model results, an increase of 5.6% in the lagoon total area leads to an increase of 2% for the maximum spring tide, for the tidal prism at the inlet. The tidal prism increases by about 5% for an average tide and by 3% for the neap tide condition.
The highest relative increase in the tidal prism was found near the flooded area, which is induced by the large increase of the lagoon area near cross-section 14, due to the salt pans walls collapse around that channel.
Contrary to the tidal asymmetry and tidal currents results, there are differences when the flooded depth is increased from 1 to 3 m. In fact, an increase of about 2% for the maximum spring tide in the tidal prism was observed at the inlet.
Since tidal prisms are common indicators of the water renewal capacity, results suggest that an increase in the lagoon total area and volume reduces residence times in the lagoon central area, which leads to a better water renewal and mitigates the water pollution effects. These results agree with previous studies for other coastal systems. Harvey (1988) showed that the decrease of the flooded area in Murray estuary induced an important reduction in its tidal prism. Malhadas et al. (2009) reported that tidal propagation strongly depends on bathymetric configuration of Ó bidos lagoon and that dredging operations and the relocation of its inlet will enlarge the lagoon tidal prism and will decrease the RT in its central area.
Conclusions
The main goal of this study was to contribute to the understanding of tidal changes in estuarine systems induced by geomorphologic changes, analysing the consequences of the partial salt pan walls destruction on the entire Ria de Aveiro hydrodynamic system. With this purpose, a finite volume shallow water model (ELCIRC) was implemented and calibrated for the Ria de Aveiro.
According to the final results, the model was successfully calibrated for a very complex system as Ria de Aveiro. Indeed, the RMSE values ranging from 8% to 10% of the local amplitude and skill values higher than 0.95 were found for most stations located in the lagoon central area. Larger errors exist for the rest of stations. These errors are due to several factors, such as very narrow lagoon channels that are not well resolved by the horizontal model grid, and some possible uncertainties in the field data, as well as due to possible inaccuracies in the bathymetry. The fact that there is a 16-year time span between the measurement of the bathymetry and most tidal data should also explain part of the discrepancies. In spite of these differences, the new bathymetry reproduces better the lagoon hydrodynamics in the central area than the bathymetry developed by Oliveira et al. (2006a) in a previous ELCIRC application to Ria de Aveiro. These results suggest that limitations in the bathymetry and grid resolution may affect the model's accuracy in reproducing the lagoon hydrodynamics. Once calibrated, ELCIRC was used to characterize the Ria de Aveiro hydrodynamics under different scenarios: present configuration and configurations resulting from the salt pan walls destruction and consequent increase of the flooding area.
In order to study the hydrodynamic responses of the Ria de Aveiro to the increase of the lagoon area as well as the increase of the flooded area depth, tidal currents, tidal asymmetry and tidal prism were analysed for each configuration.
Model results show a deformation of the tide as it propagates along the lagoon, with a growth of the quarter-diurnal constituents. This growth translates into longer floods and shorter ebbs in the central area of the lagoon. Hence ebb velocities are strongest, which promotes the flushing of sediments seaward. This pattern is enhanced with the increase of the flooded area.
Model results reveal that the increase of the lagoon area as well as the increase of the flooded area depth enhances the tidal prism in all the lagoon channels, but this enhancement is larger in the channels surrounding the flooded area.
In summary, the results suggest that the increase of the flooded area of the lagoon, due to the salt pan walls collapse, could increase the tidal prism and ebb currents enhancing the ebb dominance of the central area, hence contributing to more water exchanges between the lagoon and the sea, improved water quality in the lagoon, and mitigating accretion. Furthermore, the increase of the tidal currents near the inlet will promote the erosion of the main channel, thereby further increasing the tidal prism. This growth of the tidal prism will further reduce the residence times and reduce dredging effort in the main channel due to the accretion currently observed. Hence, the hydrodynamic effects of the collapse of the salt pan walls seem to be generally beneficial for the lagoon.
The risk of flood in coastal systems, as a result of degradation, land reclamation, sea level rise, dredging and/or erosion is a persistent global problem. Thus, the conclusions achieved for the Ria de Aveiro could be generalized to other similar systems at risk of flooding. The outcome of this study indicates that geomorphologic modifications resulted from an enlargement of the flooded area of estuarine systems will induce local tidal changes, with an intensification of the original asymmetry patterns and higher tidal currents and tidal prisms.
